Liver retransplantation in patients with primary sclerosing cholangitis (PSC) has not been well studied. The aims of this study were to characterize patients with PSC listed for and undergoing retransplantation and to describe the outcomes in these patients. The United Network for Organ Sharing/Organ Procurement and Transplantation Network database was used to identify all primary liver transplantations and subsequent relistings and first retransplantations in adults with PSC between 1987 and 2015. A total of 5080 adults underwent primary transplantation for PSC during this period, and of the 1803 who experienced graft failure (GF), 762 were relisted, and 636 underwent retransplantation. Younger patients and patients with GF due to vascular thrombosis or biliary complications were more likely to be relisted, whereas those with Medicaid insurance or GF due to infection were less likely. Both 5-year graft and patient survival after retransplantation were inferior to primary transplantation (P < 0.001). Five-year survival after retransplantation for disease recurrence (REC), however, was similar to primary transplantation (graft survival, P 5 0.45; patient survival, P 5 0.09) and superior to other indications for retransplantation (graft and patient survival, P < 0.001). On multivariate analysis, mechanical ventilation, creatinine, bilirubin, albumin, advanced donor age, and a living donor were associated with poorer outcomes after retransplantation. In conclusion, although survival after liver retransplantation in patients with PSC was overall inferior to primary transplantation, outcomes after retransplantation for PSC REC were similar to primary transplantation at 5 years. Retransplantation may therefore represent a treatment option with the potential for excellent outcomes in patients with REC of PSC in the appropriate clinical circumstances.
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It is well established that survival after liver retransplantation (re-LT) is inferior to primary liver transplantation (LT). (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) Because of the survival differences and the shortage of available organs for LT, re-LT has been a controversial practice. Attempts have therefore been made to identify patient subgroups or risk factors associated with poor outcomes. (10) (11) (12) (13) (14) (15) (16) (17) Nearly all prior studies, however, have included all etiologies of liver disease, and few have explored re-LT in a particular disease in more detail outside of hepatitis C virus infection (INF). Although many aspects of re-LT may be similar across indications for the primary LT, there may also be disease-specific features affecting outcomes, particularly when performed for recurrent disease.
Re-LT in patients with primary sclerosing cholangitis (PSC) has not been well characterized. Recurrence (REC) of PSC occurs in up to 20% of LT recipients within 5 years and confers an estimated 4-fold increase in the risk of graft failure (GF) or mortality. (18) (19) (20) (21) (22) (23) Therefore, re-LT may be considered in these patients to extend their survival. However, they have been on longterm immunosuppression and are likely to require a more technically complex surgery, both of which may impact their outcomes. In order to better understand re-LT in patients with PSC, we performed this analysis using the United Network for Organ Sharing (UNOS)/Organ Procurement and Transplantation Network (OPTN) database with the following objectives: to characterize the patients with PSC listed for and undergoing re-LT, to describe the outcomes in these patients, and to evaluate the risk factors for GF and mortality after re-LT.
Patients and Methods

STUDY POPULATION AND DATA COLLECTION
The UNOS/OPTN database as of September 25, 2015 was used to identify all primary LTs for adults (18 years or older) with PSC as well as any subsequent wait-list registrations and first re-LTs in these patients between October 1, 1987 and June 30, 2015. Multiorgan transplants and transplant events with missing survival information were excluded.
Variables extracted included age, sex, race/ethnicity, inflammatory bowel disease (IBD) diagnosis, secondary diagnosis of primary liver malignancy, insurance, educational attainment, UNOS region, date of listing, time on the waiting list, reason for wait-list removal, date of LT, location at LT (in the intensive care unit [ICU] , hospitalized, or ambulatory), mechanical ventilation status at LT, Model for End-Stage Liver Disease (MELD) score at LT (available after February 27, 2002) , total bilirubin at LT, creatinine at LT, albumin at LT, donor age, donor type (living or deceased donor), donation after cardiac death (DCD) donor status, graft type (split/partial or whole), graft status (functioning or failed), graft survival time (time from LT until GF), causes of GF, patient status (alive or deceased), patient survival time (time from LT until death), and causes of death.
GF was reported at the time of re-LT or patient death. Early GF was defined as GF within 30 days. The causes of GF were classified into the following categories: disease REC, biliary complications (BCs), vascular thrombosis (VT), chronic rejection (CR), acute rejection (AR), primary nonfunction (PNF), INF, and other. The etiologies of GF were determined from both coded and free-text responses. This was ascertained for 247/1041 (23.7%) of patients not listed for re-LT and 659/762 (86.5%) of those relisted, including 566/629 (90.0%) of re-LT recipients. Multiple etiologies could be reported, and no primary cause was indicated. Patients were therefore considered to have each reported etiology.
Wait-list mortality was defined as death on the waiting list or removal because of being too sick for LT. Causes of death were grouped into the following categories: INF, hemorrhage, cardiovascular, pulmonary, renal failure, multisystem organ failure, malignancy, GF, and other. Each patient could have up to 3 contributing causes of death, and at least 1 was reported for 1158/1248 (92.8%) primary LT recipients and 219/229 (95.6%) re-LT recipients.
Transplant events were categorized as primary LT or re-LT. The re-LT events were further grouped as early (within 30 days of primary LT) or late (more than 30 days after primary LT). The study population was additionally divided into 2 eras: the first from 1987 to 2004 and the second from 2005 to 2015, each containing approximately half of the total LTs in the study cohort.
STATISTICAL ANALYSIS
Descriptive statistics were calculated for the demographic and clinical characteristics. Comparisons were performed using chi-square tests or Fisher's exact tests for categorical variables and t tests or Wilcoxon rank sum tests for continuous variables, depending on the normality of the distribution.
Logistic regression was performed to identify factors associated with listing for re-LT in patients with GF. Potential covariates included demographics (age, sex, The content is the responsibility of the authors alone and does not necessarily reflect the views or policies of the Department of Health and Human Services, nor does mention of trade names, commercial products, or organizations imply endorsement by the US government.
race/ethnicity), insurance, blood type, IBD diagnosis, UNOS region, living donor for primary LT, DCD donor for primary LT, and early failure of the primary LT graft. Educational attainment was not considered due to a high proportion of missing data. One model was performed among all patients who experienced GF, and a second incorporated the causes of GF and was performed among the subset with a reported etiology.
Graft and patient survival curves were computed using Kaplan-Meier methods and compared using logrank tests. Survival was compared between re-LT and primary LT events, which included the first LT for re-LT recipients. The early and late re-LT groups were also compared with each other. Recipients retransplanted due to disease REC were compared with reLTs for other indications and to primary LTs to evaluate their survival relative to these groups.
Cox proportional hazards regression was performed to adjust for donor and recipient factors that may affect graft and patient survival and to identify predictors of GF and mortality. Potential covariates included recipient demographics, IBD diagnosis, UNOS region, primary liver malignancy, ICU status, mechanical ventilation status, and biochemical parameters (total bilirubin, creatinine, and albumin), as well as donor characteristics (living donor, DCD donor, donor age 60 years or older, and a split graft), and the era of LT. In analyses performed among re-LT recipients, the time to re-LT and the causes of GF were also considered. The 10.0% of re-LTs without a reported cause of GF were included and were assigned to their own category.
Predictors with P < 0.05 in univariate analyses were entered and retained in the multivariate models at the same level of significance using a stepwise selection process. UNOS region was considered for inclusion in all multivariate models in order to assess its impact after adjustment for other factors. Collinearity was tested for among included variables.
All analyses were performed using SAS Studio software, version 3.5 (SAS Institute, Cary, NC), and a P value < 0.05 was considered statistically significant. This study was approved by the Duke University Health System institutional review board.
Results
LISTING FOR RE-LT
Primary LT for PSC was performed in 5080 adults during the study period. Among this group, 1803 (35.5%) experienced GF, of which 762 (42.3%) were listed for a second LT at a median of 310 days (interquartile range [IQR], 21-2085 days) after primary LT and at a median age of 45 years (IQR, 36-55 years; Fig. 1 ). The most common indications for relisting were VT and disease REC (Table 1) . Some patients had multiple reported causes of GF, and the most frequently co-occurring etiologies were BCs and VT (40/ 659 with a reported etiology) and BCs and REC (38/ 659). Relisted patients were more likely to be younger, have private insurance, have a DCD graft, and have experienced early GF ( Table 2) . Among individuals with a reported etiology of GF, those with VT or BCs were more likely to be relisted, whereas patients with INF and other etiologies were less likely.
Of the 762 patients who were relisted, 636 (83.5%) underwent re-LT after a median of 30 days (IQR, 5-144 days) on the waiting list. Those who were retransplanted were younger at relisting, more likely to have GF due to VT, and less likely to have GF due to INF (Table 1) . Ninety-six (12.6%) individuals died on the waiting list after a median interval of 74 days (IQR, 10-384 days). Of the 64 patients listed with GF due to INF, 15 (23.4%) died on the waiting list, the highest proportion of any etiology. Thirty individuals (3.9%) were removed from the waiting list for reasons other than re-LT and death, though all but 2 eventually died. Ultimately, 124/762 (16.3%) patients died after listing without re-LT. These patients died more commonly of GF (21.8% versus 8.7%; P < 0.001), INF (25.0% versus 17.3%; P 5 0.04), and multisystem organ failure (16.9% versus 10.9%; P 5 0.048), and less frequently of malignancy (5.6% versus 22.5%; P < 0.001) compared with the 1041 individuals who were not relisted. The overall most common cause of death was GF (n 5 7), 3 of which occurred within 6 months. Other causes of death included multisystem organ failure (n 5 3) and INF (n 5 2).
RECIPIENTS OF RE-LT
Of the 636 re-LTs, 151 (23.7%) were early (within 30 days of primary LT) and 485 (76.3%) were late (beyond 30 days). Seven re-LT recipients had missing posttransplant information, leaving 629 (151 early and 478 late) for analysis. The overall median time between LTs was 397 days (IQR, 33-2362 days), and similar to relisting, the 2 most frequent indications were VT and disease REC (Fig. 2) . Early re-LT was typically necessitated by VT or PNF, which together contributed to more than 95% of failed grafts in the early period. The causes of GF leading to late re-LT were more varied, but disease REC was the most common (42.0%). The interval to late re-LT was similarly variable and ranged from 31 to 7064 days.
Compared with primary LT, the re-LT recipients were younger, fewer had a primary liver malignancy, a significantly greater proportion were in the ICU, and more were on mechanical ventilation, particularly in early re-LT (Table 3 ). In addition, re-LT recipients had a greater degree of hepatic and renal dysfunction, as indicated by their biochemical parameters and MELD scores.
The donor characteristics also differed between the primary LT and re-LT recipients. Primary LT recipients were more likely to receive a split graft as well as a graft from a living donor, DCD donor, and a donor age 60 years or older. These were similar in early and late re-LT.
OUTCOMES OF RE-LT COMPARED WITH PRIMARY TRANSPLANTATION
Graft and patient survival after re-LT were inferior compared with primary LT (Fig. 3) . Of the 271 re-LT recipients who experienced eventual GF, 49 (18.1%) 
SHORT-TERM GF AND MORTALITY AFTER RE-LT
Of the 271 GFs after re-LT, 75 (27.7%) occurred before 30 days, compared with 14.6% (263/1803) of failed grafts after primary LT. Similarly, 27.1% (62/ 229) of the overall mortality after re-LT occurred before 30 days, whereas 30-day mortality accounted for only 9.1% (113/1248) of the total deaths after primary LT. The most common causes of death in re-LT recipients before 30 days were INF (22/62 patients with a reported cause of death) and hemorrhage (9/62). Hemorrhage was a more frequent cause of death compared with after 30 days (14.5% versus 2.6%; P < 0.001). Of the 22 who died of INF, 14 (63.6%) died of generalized sepsis. Compared with primary LT recipients who died before 30 days, early mortalities after re-LT were more likely to be due to INF (35.5% versus 17.7%; P 5 0.008) and, specifically, sepsis (22.6% versus 10.6%; P 5 0.03).
OUTCOMES OF EARLY AND LATE RE-LT
When compared separately with primary LT, early and late re-LT both experienced inferior graft and patient survival (P < 0.001 for all). Five-year graft survival was similar between the 2 re-LT groups (early 58.6% versus late 65.6%; P 5 0.08), but 5-year patient survival was decreased after early re-LT (62.3% versus 70.8%; P 5 0.047). When early re-LT was further divided into those that occurred within 7 days (n 5 51) and 8-30 days (n 5 100), the re-LTs performed within 1 week experienced significantly inferior graft and patient survival compared with the 8-30 day and the late re-LTs, whereas the 8-30 day and late re-LTs were similar (Table 5) . After adjustment for recipient illness severity at the time of re-LT and donor factors, however, the interval to re-LT was no longer significantly associated with either GF or mortality. The causes of death after early and late re-LT were similar (Table 4) . 
OUTCOMES OF RE-LT FOR DISEASE REC
The baseline characteristics at re-LT by etiology of GF are shown in Supporting Table 1 , and their outcomes are shown in Table 6 . Compared with other re-LT recipients, the individuals with REC were less critically ill at the time of re-LT, with a smaller proportion in the ICU or on mechanical ventilation (Table 7) . They also experienced significantly better outcomes (Fig.  4A,B) . Adjustment for recipient and donor characteristics attenuated the decreased risk of GF and mortality at 30 days in patients retransplanted for REC, but it did not eliminate the 5-year survival benefit (Table 5) . When compared with primary LT, the recipients of re-LT for disease REC were more likely to be in the ICU or on mechanical ventilation at LT, and they also had a greater degree of hepatic and renal dysfunction (Table 7) . However, their outcomes were similar at 5 years (Fig. 4C,D) . The graft and patient survival remained similar after adjusting for recipient and donor factors and the time period in which the transplant was performed (Supporting Table 2 ). There were also no significant differences in outcomes when limited to the more recent era (re-LT for REC versus primary LT: graft survival at 5 years, 75.7% versus 78.7%, P 5 0.35; patient survival at 5 years, 82.0% versus 85.8%, P 5 0.25).
PREDICTORS OF GF AND MORTALITY AFTER RE-LT
The risk factors for GF and mortality at 30 days and 5 years after re-LT are shown in Table 5 . Recipient factors associated with greater severity of illness (on mechanical ventilation and more abnormal biochemical parameters) were associated with an increased risk of GF and mortality. Of the donor characteristics, a donor age of 60 years or older was independently associated with increased risk of GF and mortality at 5 years, and receipt of a graft from a living donor conferred an increased risk of GF at 5 years. UNOS region was not a significant factor affecting outcomes and neither was recipient age, sex, race/ethnicity, primary liver malignancy, number of causes of GF, a DCD donor, or a split graft. Among re-LT recipients with disease REC, the only significant predictor of 30-day outcomes was mechanical ventilation (Supporting Table 3 ). Factors associated with 5-year survival were similar to those for all re-LT recipients and included mechanical ventilation, bilirubin, creatinine, a living donor, and a donor age of 60 years or older.
Discussion
Retransplantation has been a controversial practice due to its historically inferior survival rates. With the scarcity of organs available for LT, understanding the factors and groups of patients associated with improved survival after re-LT is important in order to limit futility. In this study, we characterized the patients with PSC listed for and receiving re-LT and their outcomes in order to better understand re-LT in this population. We used a robust data set that allowed for analysis of more re-LT recipients with PSC than any previous study. It also permitted a meaningful comparison between the survival after primary LT and re-LT for PSC REC. To the best of our knowledge, this study represents the first specific comparison of these outcomes.
A variety of factors influenced whether a patient was listed for re-LT, including GF etiology, a DCD graft, and socioeconomic status. Patients with GF due to VT were more likely to be relisted as well as more likely to receive re-LT. This may have been due to many having early hepatic artery thrombosis, a complication that typically requires re-LT and for which MELD exception points may be granted. Individuals with GF due to INF were both less likely to be relisted and retransplanted, and they were the most likely to die on the waiting list. Without more information about these INFs, however, it is difficult to draw many conclusions from this finding.
DCD recipients were also more likely to be relisted, consistent with previous studies. (24) DCD grafts are known to have inferior survival compared with donation after brain death grafts due to an increased risk of ischemic cholangiopathy, and DCD recipients have previously been found to have an increased rate of relisting as a result. (24) (25) (26) Similarly, among the DCD recipients in this analysis, the most common cause of GF was BCs, which likely contributed to the increased likelihood of relisting in these patients. In addition, relisted patients were significantly more likely to be college-educated, and Medicaid insurance was an independent predictor of not being relisted. Disparities in access to and outcomes of primary LT have previously been shown for patients with Medicaid, though decreased access to re-LT has not been demonstrated before. (27) (28) (29) This finding warrants further study into disparities in listing for re-LT.
Given the increased complexity of re-LT, the decision of whether to pursue re-LT and to relist a patient may be highly variable. Yet, there was no difference in the proportion relisted and undergoing re-LT between UNOS regions, and the outcomes after re-LT also did not differ. A center-level analysis, however, may be more revealing of the variation in re-LT practices and outcomes.
Consistent with studies of re-LT in general, the outcomes of re-LT in patients with PSC were overall inferior to primary LT, though survival has improved more recently. (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (30) (31) (32) (33) (34) (35) The survival differences were primarily due to increased short-term GF and mortality, with twice as many of the overall failed grafts and deaths occurring before 30 days after re-LT compared with primary LT. The most common cause of death among these early mortalities was INF, largely sepsis, which has also been true of re-LT recipients in a series of other etiologies. (2) (3) (4) 12, 13, (33) (34) (35) In our analysis, mechanical ventilation and increased hepatic and renal dysfunction were independently associated with GF and mortality in re-LT recipients, highlighting the impact of the preoperative status on postoperative outcomes. These same predictors have been identified in prior studies of re-LT, as has advanced donor age, which was also a risk factor in these patients. (4, 10, 11, (13) (14) (15) (16) 34) Unlike other studies, recipient age was not associated with GF or mortality. (3, 10, 15, 32, 34, 36) Also, many previous analyses have identified the time to re-LT as a predictor of outcomes, but after adjusting for other factors, there was not an association between the time to re-LT and survival in these patients. (1, 2, (10) (11) (12) 14, 16, 17) Interestingly, use of a living donor in the setting of re-LT was a significant predictor of GF at 5 years. Given the relatively few recipients who underwent living donor LT (n 5 8) though, it is difficult to draw any definitive conclusions from this finding, and further research is needed to evaluate the role of living donor LT in re-LT. The finding that having a primary liver malignancy at re-LT did not significantly affect outcomes is also hard to interpret with such a small number of these patients (n 5 4).
Although overall re-LT recipients with PSC experienced inferior survival compared with primary LTs, this was not true of every indication for re-LT. A novel finding of this study is that the outcomes of re-LT for PSC REC were not only superior to other indications for re-LT, but they were similar to primary LT. REC of PSC occurs in up to 20% of LT recipients at 5 years and increases the risk of GF as well as mortality. (18) (19) (20) (21) (22) (23) Re-LT may therefore be considered in these patients in order to prolong their survival. Given the traditionally poor outcomes after re-LT, similarly inferior survival might have been expected in recipients of re-LT for PSC REC, and some may have been hesitant to offer re-LT to these patients. Our analysis, however, demonstrates that the outcomes in these re-LT recipients were similar to primary LT for PSC at 5 years after LT. Furthermore, although the longterm survival after re-LT was excellent, the majority of wait-list mortalities occurred within 6 months, highlighting the risk of not receiving re-LT. Together, the favorable post-re-LT outcomes and the high proportion of waitlist mortalities occurring soon after relisting support the consideration of re-LT in patients with REC of PSC.
Several limitations of this analysis and important qualifiers to the previous statement should be noted though. First, because 897/1803 patients did not have a reported etiology of GF, some individuals with GF due to REC may not have been reported, and therefore would not have been included in this study. There is also likely a significant selection bias among the individuals listed for re-LT. REC is a slow developing, late cause of GF, allowing for re-LT to occur under more elective circumstances. By virtue of being relisted, these individuals had already been deemed fit to undergo re-LT and may have been predisposed to better outcomes. Therefore, these findings are likely not applicable to every patient with recurrent PSC. Future research should be performed to identify the individuals who may benefit from re-LT like the cohort in this study. It appears, however, that clinician assessments of these patients were largely accurate.
Also, though the use of the UNOS/OPTN database allowed for the analysis of more re-LT recipients with PSC than any prior study, there are inherent limitations with retrospective review of a large administrative database, including missing, incomplete, or potentially inaccurate data. We were particularly interested in the cause of failure in the primary graft as a factor affecting post-re-LT outcomes, especially re-LT in the setting of PSC REC. We cannot know definitively, however, that these were truly cases of REC and not CR or other diagnoses, which is perhaps highlighted by the 1 case of REC that was reported to occur within 30 days of LT. Given our relatively large sample size though, it is unlikely that a minority being reported incorrectly could produce the results we observed. Unless there was a more systematic problem, misclassification of other diagnoses as REC or vice versa would likely only increase the similarity between the groups, not further distinguish REC from the others.
In this study, we reported the characteristics and outcomes of a large number of re-LT recipients with PSC, and we identified the novel finding that PSC patients retransplanted for disease REC appear to have similar survival to primary LT recipients at 5 years after LT. In addition, a majority of the patients who died on the waiting list did so within 6 months of relisting. We therefore believe that the transplant community should consider re-LT in patients with REC of PSC. An important caveat to this statement is that the patients included in this analysis were likely highly selected to undergo re-LT for their favorable pre-LT characteristics. So, although our finding of good outcomes after re-LT is encouraging, these patients should continue to be evaluated carefully, taking into account the predictors of poor outcomes that we and others have identified, particularly mechanical ventilation and donor factors. Under the right circumstances, however, re-LT in individuals with recurrent PSC may represent a treatment option with the potential for excellent outcomes. Further research to better characterize the patients with PSC REC who may benefit from re-LT is warranted.
